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Edited by Irmgard SinningAbstract DnaA(L366K), in concert with a wild-type DnaA
(wtDnaA) protein, restores the growth of Escherichia coli cells
arrested in the absence of adequate levels of cellular acidic phos-
pholipids. In vitro and in vivo studies showed that DnaA(L366K)
alone does not induce the initiation of replication, and wtDnaA
must also be present. Hitherto the diﬀerent behavior of wt and
mutant DnaA were not understood. We now demonstrate that
this mutant may be activated at signiﬁcantly lower concentra-
tions of acidic phospholipids than the wild-type protein, and this
may explain the observed growth restoration in vivo.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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DnaA, the initiator protein in all known eubacteria species,
initiates chromosome replication once per cell division cycle
[1]. DnaA is a member of the superfamily class of ATPases
associated with a variety of cellular activities (AAA+) and its
overall activity cycle is driven by ATP binding and hydrolysis.
The initiating activity of DnaA depends on the type of bound
nucleotide with only the ATP-DnaA form being functional [2].
Accordingly, immediately after initiation the replication inacti-
vation of DnaA (RIDA) mechanism induces ATPase activity
of DnaA, converting it into the inactive ADP form [3–5]. Only
after a period of one cell cycle is DnaA activated again. De
novo synthesis of DnaA in the ATP-form was not suﬃcient
to support the initiation of replication, and thus, eﬃcient recy-
cling of ADP-DnaA is required [6]. Acidic phospholipids in a
ﬂuid membrane were shown to promote the nucleotide
exchange on DnaA in vitro [7, for a review see 8, 9]. The onlyAbbreviations: DiI, 1,10-dioctadecyl-3,3,3 0,3 0-tetramethylindocarbo-
cyanine perchlorate; LY, Lucifer yellow; MANT-ATP, 20-(or-30)-O-
(N-methylanthraniloyl)adenosine 5 0-triphosphate; SOPG, 1-stearoyl-2-
oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]; wtDnaA, wild-type
DnaA
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doi:10.1016/j.febslet.2007.08.019in vivo evidence that normal cellular levels of acidic phospho-
lipids are required to sustain chromosomal replication from
oriC were obtained with an E. coli strain, HDL1001, where
the expression of chromosomally encoded phosphatidylglyce-
rophosphate synthase (pgsA) is under control of lacOP [10].
Using this strain, mutants of DnaA were found that were able
to rescue the acidic phospholipid-deﬁcient cells from growth
arrest [11]. These mutants include deletions and point muta-
tions (e.g., L366K) are located in the putative membrane-bind-
ing region of DnaA. It was shown that single point mutation
(L366K)DnaA is suﬃcient to rescue the growth arrest [11].
Surprisingly, in vitro examination did not reveal any diﬀer-
ences between this mutant and the wild-type protein with
respect to its nucleotide binding aﬃnities and hydrolysis prop-
erties, and, in particular, the speciﬁcity of acidic phospholipids
for nucleotide release [12]. The reduced replication initiation
activity of DnaA(L366K) can be augmented by minor
amounts of wild-type DnaA (wtDnaA) both in vivo and
in vitro [11,12]. Thus, which particular function of DnaA is
impaired in the acidic phospholipid-deﬁcient cells, and how
DnaA(L366K) manages to restore this function, remains
enigmatic.
Recently, by using the ﬂuorescent analog of ATP, 2 0-(or-3 0)-
O-(N-methylanthraniloyl)adenosine 5 0-triphosphate (MANT-
ATP), we were able to follow the dissociation of MANT-ATP Æ
DnaA complex [13], and showed that the rate of nucleotide re-
lease, rather than its extent, is the pivotal constraint in the
reactivation of DnaA. We reported a new phenomenon of a
cooperative transition of DnaA between two functional states,
with low and high nucleotide dissociation rates, which is driven
by the density of the protein (crowding) on the surface of
acidic phospholipid liposomes [13]. Furthermore, the concept
of lipid domains in bacterial membrane and their functional
role has received experimental support in recent years [14–
18, for review see 19,20]. Combining these phenomena allowed
us to suggest a mechanism that underlies the conversion of
continuous cell growth to the DnaA activity switch at the
appropriate time in the cell cycle [13].
In the present work, we have compared the dissociation rate
constants of the nucleotide bound to the wild-type DnaA, with
that bound to DnaA(L366K) at various concentrations of
acidic phospholipids. DnaA(L366K), which was shown to
restore growth to acidic phospholipid-deﬁcient cells [12],
indeed requires lower acidic phospholipid concentrations to
induce nucleotide exchange in vitro, as compared to wild-type
DnaA.blished by Elsevier B.V. All rights reserved.
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2.1. Materials
1-Stearoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (SOPG),
Avanti Polar Lipids; Ni-nitrilotriacetic acid, QIAGEN; MANT-
ATP, Lucifer yellow (LY) and 1,1 0-dioctadecyl-3,3,3 0,3 0-tetramethylin-
docarbocyanine perchlorate (DiI), Molecular Probes.
2.2. Preparation of polyhistidine-tagged DnaA(L366K)
Mutated DnaA protein (L366K) was prepared by primer-extension
technique with two primers carrying the mutation: 5 0-cgctgcgcgacA-
AGctggcattgcag-3 0 and 5 0-gcaatgccagCTTgtcgcgcag-3 0 using plasmid
pZL411 as a template (kindly provided by Prof. Elliott Crooke,
Georgetown University, Washington, DC). The ﬁnal PCR-product
of the mutated gene was digested with NdeI (BioLabs) and BamHI
(MBI) and inserted into the pET19b (Novagen) vector with subsequent
transformation into E. coli strain BLR(DE3)pLysS.
2.3. Protein puriﬁcation and liposomes preparation
Recombinant polyhistidine-tagged DnaA and DnaA(L366K) pro-
teins were puriﬁed as described previously [13]. Liposomes composed
of SOPG were prepared by the extrusion method [13].
2.4. Membrane-dependent dissociation kinetics of MANT-ATP
All the kinetic measurements followed the procedures described pre-
viously [13]. Brieﬂy, changes in the ﬂuorescence intensity of 0.045 lM
MANT-ATP, pre-incubated with 0.8 lMDnaA (wild-type or mutant),
induced by the addition of liposomes were recorded and ﬁtted with a
single-exponential decay function. The ﬁrst-order kinetics rate con-
stant calculated from this ﬁt actually represents speciﬁc activity that
is independent of the protein concentration in the reaction mixture,
the preparation-dependent variations in protein activity and the nucleo-
tide binding stoichiometry. It should however reﬂect possible changes
in speciﬁc activity, caused, e.g., by mutation of the protein.
2.5. Membrane binding
The binding of the protein to the membrane was measured by the
ﬂuorescence resonance energy transfer (FRET) between LY (donor)
labeled protein and DiI (acceptor) labeled membrane.
Protein labeling was performed by incubation of 30 lM ATP-DnaA
with 90 lM LY iodoacetamide in 80 ll buﬀer HD (50 mM PIPES Æ
KOH (pH 6.8), 10 mM magnesium acetate, 20% (w/v) sucrose,
200 mM ammonium sulfate) for 1 h at room temperature. Excess LY
was removed by two subsequent passing through Sephadex G-25 col-
umn equilibrated in Buﬀer AC (50 mM PIPES Æ KOH (pH 7), 2.5 mM
magnesium acetate, 20% (w/v) sucrose, 0.1 mM EDTA, 2 mM dithio-
threitol) containing 1 mM ATP. Final LY-protein concentration was
determined by the Bradford method. The cysteines to which LY may
bind are all remote from both the ATP and the membrane interaction
domains. Furthermore, modiﬁcation of the wtDnaA cysteines with
N-ethylmaleimide aﬀected neither the dissociation rate of ATP nor
its response to protein crowding on the membrane (data not shown).
FRET was measured in 550 ll Buﬀer AC containing 1 mMATP and
30 lM SOPG in the presence or absence of 0.22 lM DiI and varying
LY-protein (0.006–0.54 lM). The ﬂuorescence spectra were measured
on a Perkin–Elmer LS55 ﬂuorimeter (Perkin–Elmer, Beaconsﬁeld,
England) at 30 C, at an excitation wavelength of 426 nm, slits width
of 3 and 12 nm for excitation and emission, respectively, with ortho-
gonal polarizers.Fig. 1. Binding of ATP-protein to the SOPG liposomes. The binding
was measured by FRET between LY-protein and DiI labeled
liposomes (Section 2). The presented data (three independent exper-
iments) were obtained by subtraction of the average intensity at 565–
600 nm in the absence of DiI from that in the presence of DiI and then
normalized to maximal signal change, 0.93 ± 0.04 a.u. for wtDnaA and
1.19 ± 0.04 a.u. for DnaA(L366K). The data were ﬁtted with a
standard binding isotherm (R = 0.970 and R = 0.980 for wtDnaA and
DnaA(L366K), respectively).3. Results
We ﬁrst compared the binding aﬃnity of the mutant and
wild-type DnaA to liposomes composed of acidic phospholip-
ids. A higher aﬃnity of DnaA(L366K) may be responsible for
its ability to rescue the acidic phospholipid-deﬁcient cells from
growth arrest. To assess binding, we have used the FRET
technique which is eﬀective only at very short distances, up
to 100 A˚, and therefore may serve as an indicator of
protein–membrane interaction [21]. This method has severaladvantages over the co-sedimentation technique used previ-
ously by us [13], particularly because the latter depends on
the liposomal tendency for sedimentation that may result in
the underestimation of the equilibrium constant. We have used
Lucifer yellow (LY), covalently attached to the protein cyste-
ines (Section 2), as a donor, and DiI incorporated to the mem-
brane bilayer, as an acceptor. This pair is most advantageous
due to the following: LY is relatively environmentally insensi-
tive; DiI has a very high extinction coeﬃcient, the calculated
overlap integral is relatively high, 5.77 · 1013 cm3 M1,
resulting in a long R0, about 50 A˚. The experiment consisted
of two titrations of the SOPG liposomes with LY-ATP-
protein, in the presence and absence of DiI (Fig. 1). The reduc-
tion in the net ﬂuorescence peak of LY (516 nm) accompanied
by a comparable increase in net acceptor emission of DiI
(570 nm), which results from FRET between LY and DiI, is
indicative of protein binding to the membrane. Fitting the
results in Fig. 1 with a standard binding isotherm, leads to
KD = 0.057 ± 0.009 lM, and KD = 0.039 ± 0.007 lM for
wtDnaA and DnaA(L366K), respectively. These results
revealed no signiﬁcant diﬀerences between wtDnaA and
DnaA(L366K) in their corresponding aﬃnities to the mem-
brane.
In order to follow nucleotide exchange on DnaA(L366K) we
used the ﬂuorescent analog of ATP, MANT-ATP, as described
by us previously [13]. The advantage of using the ﬂuorescent
analog is that it enables a continuous follow up of binding
and dissociation kinetics. The dissociation kinetics of [MANT-
ATP] Æ DnaA(L366K) complex at various SOPG concentra-
tions was compared with that of wtDnaA (Fig. 2). Each data
point on the graph was obtained from a single-exponential de-
cay ﬁt of the ﬁrst-order dissociation kinetics (as in Fig. 4 in
[13]). The measured rate constant reﬂects the rate-limiting step
of complex dissociation, since the rate of protein binding to the
membrane is much faster, as evident from the changes
observed by FRET (data not shown) and from changes in
the ﬂuorescence of membrane-embedded probes, pyrene and
Fig. 2. Dependence of the dissociation kinetics of MANT-ATP Æ
protein complex on SOPG/protein ratio. The dissociation of
MANT-ATP Æ protein complex was induced by addition of SOPG
(10–1000 lM) to DnaA (0.8 lM) pre-incubated with MANT-ATP
(0.045 lM). The rate constant values were calculated from single
exponential decay ﬁts [13] and the results were ﬁtted with Hill equation
(R = 0.996 and R = 0.986 for wtDnaA and DnaA(L366K), respec-
tively). The data are the average of three to ﬁve independent
experiments for each point.
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DnaA [13]. Since no binding kinetics was observed, it is as-
sumed that the binding of the protein to the membrane is faster
than the time resolution of our measurement. The obtained
values of the dissociation rate constant rise sigmoidally with
increasing phospholipid-to-protein ratios for both wtDnaA
and DnaA(L366K), Fig. 2. The data in Fig 2 were ﬁtted to
the Hill equation and the results summarized in Table 1. It
may be concluded, based on the results, that DnaA(L366K)
is activated to a higher extent than that of wtDnaA and, wor-
thy of note, at a 33% lower SOPG/protein ratio.
We have suggested that there are two distinct states of DnaA
on SOPG liposomes at high (State I) and low (State II) protein
densities on the membrane [13]. We then explored whether the
same holds for DnaA(L366K) by following the dissociation of
the MANT-ATP Æ protein complex at diﬀerent temperatures.
The results summarized in Table 1 provide evidence for the
same thermodynamic characteristics (activation energies and
pre-exponential factors in the Arrhenius equation) for the
mutant as well as for the wild-type protein, at the extreme
membrane occupancies. It may be concluded that the sameTable 1
Comparison between wtDnaA and DnaA(L366K) based on the measurement
SOPG/protein ratios (Fig. 2, wtDnaA data were taken from [13])
Dependence of dissociation rate
constant on temperaturea
Protein type SOPG (mM) EA (kcal/mol) ln(A) (min
wt DnaA State I, 0.05 23.8 ± 1.1 37.2 ± 1.8
State II, 1.0 36.3 ± 1.1 58.7 ± 1.8
DnaA (L366K) State I, 0.05 21.9 ± 1.4 34.3 ± 2.4
State II, 1.0 32.0 ± 2.6 52.0 ± 4.5
aActivation energies EA and pre-exponential factors A were calculated from
independent measurements for each point, see also [13]).
bKA – activation constant, phospholipid/protein mole ratio at which the nucle
Hill equation ﬁt (Fig. 2).two states of the protein on the membrane were detected for
DnaA(L366K) as well. The mutant protein is diﬀerent in that
the transition between the states occurs at higher membrane
densities and with lower cooperativity than those for the wild
type. In addition, the transformation from State II to State I
on the membrane, imposed by increasing the macromolecular
crowding with ﬁcoll, was conﬁrmed for DnaA(L366K) (data
not shown), in analogy to the results obtained with wt DnaA
[13].4. Discussion
The important role of acidic phospholipids in the activation
of DnaA was shown both in vitro [7] and in vivo [10]. In vivo
studies were performed on the HDL1001 strain, which
expresses PgsA under control of lacPO [22]. HDL1001 strain
in the absence of IPTG undergoes growth arrest after 10 gen-
erations, presumably due to the low level of acidic phospho-
lipids, which is insuﬃcient for wtDnaA reactivation. In the
absence of IPTG the level of phosphatidylglycerol and cardio-
lipin is dramatically decreased, but the total level of acidic
phospholipids is partially compensated by their acidic precur-
sors CDP-diacylglycerol and phosphatidic acid [11,22]. This
compensation is important, because it was shown that the neg-
ative charge associated with the phospholipid head group,
rather than its speciﬁc dimensional parameters, are important
for DnaA reactivation [23].
A single amino acid substitution in DnaA protein, L366K,
may restore cell growth [11,12] even at relatively reduced con-
centrations of acidic phospholipids. In order to understand the
lower demands of DnaA(L366K) for acidic phospholipids, its
aﬃnity to them relative to that of wtDnaA was examined.
Based on FRET, no diﬀerence in membrane binding aﬃnities
between wtDnaA and DnaA(L366K) was found (Fig. 1).
Co-sedimentation experiments conﬁrmed these results (data
not shown).
Measurements of dissociation rate constants at diﬀerent
temperatures revealed that DnaA(L366K) may exist on the
membrane in two distinct states, similar to those detected for
wtDnaA (Table 1, [13]). DnaA(L366K) transformation on
the membrane from State I to State II proceeds at lower acidic
phospholipids concentrations as compared with the wtDnaA
(Fig. 2, Table 1).
Based on in vitro and in vivo studies it was proposed that
DnaA(L366K) acts in conjunction with wtDnaA, formings of dissociation rate constant at diﬀerent temperatures and at diﬀerent
Dependence of dissociation rate constant on SOPG/
protein ratio
1) k (·103 s1) KAb Hill coeﬃcient (n)
2.05 ± 0.09 343 ± 18 3.02 ± 0.46
6.13 ± 0.24
2.22 ± 0.42 229 ± 45 1.73 ± 0.55
8.81 ± 1.09
Arrhenius equation ﬁts (for all ﬁts R P 0.99, data taken from 2 to 3
otide dissociation rate constant is half-maximal, as calculated from the
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study provides a possible explanation for the functional com-
plementation between wtDnaA and DnaA(L366K) in initiat-
ing the DNA replication process. Thus, according to our
results, the activation of DnaA(L366K) requires about 1.5-fold
lower acidic phospholipids concentrations, than that for
wtDnaA. (Fig. 2, Table 1). In HDL1001 cells, after the
removal of IPTG, certain amounts of acidic phospholipids
remain [11,22]. While this amount is insuﬃcient for properly
reactivating wtDnaA, it may be enough for reactivating
DnaA(L366K). As was shown in vitro, reactivated
DnaA(L366K) in concert with wtDnaA (even in its inactive,
ADP-form) does promote the initiation of DNA replication
[12].
We ascribed the transformation from State I to II, driven by
macromolecular crowding, to change in the oligomeric state of
DnaA. One may speculate that the change in the observed
dependence of the mutant protein to surface macromolecular
crowding stems from its diﬀerent oligomerization tendency.
Indeed, the mutation in DnaA(L366K) is situated close to
the a10 helix which is associated with DnaA–DnaA interaction
[24].
In conclusion, the present study reveals both diﬀerences and
similarities in the behavior of wt and mutated DnaA, behavior
hitherto not understood. Our recently published model [13],
regarding the dependence of DnaA reactivation on macro-
molecular crowding, appears to explain both the observed
diﬀerences, as well as to strengthen the suggested model. Thus,
the reactivation of DnaA(L366K) at low acidic phospholipid
concentrations supports their essential role in the initiation
of chromosome replication in E. coli.
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